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ABSTRACT 
Male rats of the Sherman strain were fed for 2 weeks a diet ofgrohnd purina rat chow con- 
taining 0.04 per cent thioacetamide. Animals were injected intraperitoneally with tritiated 
cytidine, 200#c/100 gm body weight, and sacrificed in pairs, a control and a  thioacetamide- 
treated rat, at prescribed intervals. Liver tissues were preserved with the freeze-substitution 
method and postfixed  in anhydrous OsO4. Other samples were fixed directly with an acetic 
acid-ethanol mixture (1:3). AR-10 stripping film was applied to 2- and 4-# sections and 
exposed  for appropriate lengths of time. Nuclear and nucleolar volumes were obtained by 
direct measurement. Cytoplasmic volumes were obtained with the aid of Chalkley ratios. 
Nucleolar  and  cytoplasmic RNA  concentrations were  calculated  from  cytophotometric 
extinction (E540mu)measurements. Data  were  expressed  as  grains/unit area,  grains/unit 
area/concentration  (or specific activity) and grains/total structure. In the liver parenchymal 
cells of thioacetamide-treated rats, the nucleolus shows vast increases in volume, RNA con- 
tent, and grain count/total structure, 14-fold, 25-fold, and over 30-fold, respectively. The nu- 
cleus increases 2-fold in volume and about 3-fold in total grain count. Cytoplasmic volume 
increases only 20 per cent and displays a total grain count about equal to that in the control. 
The time course of incorporation  curves for nucleolus and non-nucleolar  nucleus (NNN)con- 
tain 2 distinct turnover  fractions, rapid and slow. Both fractions  were increased after thioaceta- 
mide treatment but remained proportional to those of controls.  The unique stimulated RNA 
turnover in the nucleus and nucleolus, coupled to a  "normal" turnover in the cytoplasm, 
suggests that this nuclear-nucleolar loss of label does not represent an exclusive passage  of 
formed nuclear RNA to the cytoplasm. 
INT~,QpUCTION 
The  use  of  chemical  compounds which  experi- 
mentally alter or exaggerate some aspect of nucleo- 
protein metabolism has  led  to  new insights into 
nuclear-cytoplasmic interactions (16,  27,  30,  40). 
It was hoped that such an approach might help to 
clarify some functional roles of nucleolar RNA in 
relation to  other  cellular RNAs.  Thioacetamide 
(CH3CSNH~)(TA),  the  compound  used  in  this 
study, induces a  rapid and specific  effect on the 
nucleoprotein  metabolism  of  liver  parenchymal 
cells. Within a few days of treatment, the nucleolar 
volume and RNA content increased to enormous 
proportions,  the  nuclear volume and  RNA  con- 
centration doubled, while  the  cytoplasmic RNA 
39 concentration decreased (17,  18,  22).  Biochemical 
studies on TA-treated liver have indicated that the 
amounts  of  nuclear  RNA  and  protein  and  the 
levels  of  RNA  and  protein  of  the  cytoplasmic 
"sap" were increased while microsomal and mito- 
chondrial RNA and protein were depressed (2, 22). 
A pattern of enlarged nucleoli, with a concomitant 
increase  in  cytoplasmic  basophilia,  is  typical  of 
cells stimulated toward  increased protein synthe- 
sis  (3,  for  review).  In  contrast,  thioacetamide- 
treated  liver  cells have  enlarged,  dense  nucleoli, 
but  contain  diffuse  and  pale  cytoplasmic  baso- 
philia (17,  18). 
Although little is known about the mechanism 
of action of this compound, its effects on the RNA 
metabolism  and  chemomorphology  of  the  liver 
cell  have raised  some interesting questions.  Does 
thioacetamide, or a  metabolite of this compound, 
stimulate  nuclear  synthesis and/or  RNA  break- 
down? Does the drug block the transfer of nuclear 
RNA  to  the  cytoplasm?  How  are  the  deranged 
RNA metabolism of the nucleolus and  the NNN 
related to the changes observed in the cytoplasm? 
The  results  of this  study,  using  HS-cytidine  and 
high  resolution  radioautography,  have  revealed 
that both nucleolar and NNN RNA syntheses were 
increased  (21),  while  isotope  incorporation  into 
cytoplasmic RNA  was  similar to  that  in  control 
levels. 
MATERIALS  AND  METHODS 
Male rats of the Sherman strain, weighing 60  to 80 
gin, were fed a diet of ground purina chow containing 
0.04 per cent thioacetamide for 2 weeks. Each animal 
was injected intraperitoneally with  a  single dose of 
200  /~c  of  tritiated  cytidine  (Schwarz  Bioresearch 
Labs.  Inc.,  Mount  Vernon,  New  York)  per  100 
gm body weight. Animals were sacrificed in pairs, a 
thioacetamide-treated  rat  and  a  control  rat,  at 
intervals of 1/~,  1, 2,  3, 5, 8,  12,  15,  18, and 24 hours 
after  the  injection  of the  tritiated  cytidine.  T hio- 
acetamide  is  rapidly  metabolized  (17),  and  hence 
in  order to  maintain the maximum drug  effect, an 
additional  subcutaneous  injection  (5  mg/100  gm 
body  weight)  was  administered  4  hours  prior  to 
isotope injection. 
Excellent morphological preservation was obtained 
by rapidly freezing small pieces of liver in  a  liquid 
propane-isopentane  mixture  (1 : 1)  cooled  with 
liquid  nitrogen  to  temperatures  lower  than 
--170 °  C,  dehydrating in  acetone  at  -50 °  C  and 
postfixing  at  the  same  temperature  in  2  per  cent 
OsO4 dissolved in anhydrous dimethylformamide for 
1 to 2 hours, then washing in acetone at room tern- 
perature and embedding in paraffin (25).  Additional 
samples of liver  were  directly fixed in  acid-alcohol 
mixture  (1:3).  Paraffin-embedded tissues  were  cut 
at appropriate thicknesses. 
AR-10  stripping  film,  used  in  the  conventional 
way, was placed over 2- and 4-# sections and exposed 
for  a  length  of  time  that  resulted  in  comparable 
grain  densities  in  both  experimental  and  control 
tissues  (36).  These  exposures  were  also  within  the 
range  in  which  grain  counts  were  proportional  to 
exposure.  Differences  in  density  of  intracellular 
organelles  affect  the  range  of /~-particles  (Maurer, 
W.,  and  Primbsch,  E.,  in  press).  Because  of this, 
2-#  sections were  used  almost  exclusively for  grain 
counts  in  both  normal  and  thioacetamide-treated 
tissues,  thereby  insuring  a  high  proportion  of  cut 
nucleoli  in  direct  contact  with  the  emulsion  and 
eliminating  self-absorption  due  to  overlying  chro- 
matin.  Moreover,  even  if  the  range  of /3-particles 
is restricted in the denser nucleoli of thioacetamide- 
treated  tissues,  correction  for  this  would  increase 
further  the  already  vast  differences  between  the 
experimental and control conditions. Comparison of 
these grain counts gave a general order of magnitude 
rather  than  an  absolute  measure  of the  number  of 
molecules of precursor incorporated. 
The  following  extractions  were  routinely  per- 
formed:  (1)  5  per  cent  trichloroacetic acid  (TCA) 
at  2-4°C  was  used for  the  removal  of acid-soluble 
nucleotides.  (2)  0.6  mg  ribonuclease  (Worthing- 
ton  Biochemical  Co.,  Freehold,  New  Jersey)/ml 
distilled  water  adjusted  to  pH  6.5  at  37°C  for  2 
hours,  for  RNA.  (3)  0.6  mg  deoxyribonuclease 
(Worthington)/ml of  a  0.003  M MgSO4 solution  at 
37°C  adjusted to pH 6.0 for 2  hours, for DNA.  (4) 
5  per cent TCA  at  90°C for 5  minutes, for the re- 
moval  of  all  nucleic  acids.  The  efficiency of these 
extractions  was  tested  by  grain  counts  and  ap- 
propriate stains, azure B at pH 4.0 and the Feulgen 
reaction (41). 
Cells  containing  a  single  nucleus  and  nucleolus 
were  selected  for  the  counts  used  in  the  figures. 
This  population  of  cells  was  selected  in  order  to 
increase  the  homogeneity  of  control  and  treated 
groups  for  statistical  purposes.  Grain  counts  were 
made over the nucleolus, NNN,  and the cytoplasm. 
Grains  falling  on  the  edge  of  the  nucleolus  were 
included in  nucleolar counts.  Grains  falling on  the 
nuclear  membrane  were  included  in  cytoplasmic 
counts.  1  A photograph was taken of each cell counted 
and  enlarged  in  printing  such  that  each  cellular 
component could be readily outlined  and  then cut 
out.  The  relative  areas  of  the  components  were 
1  Morphological  observations  have  shown  that 
Palade granules are often associated with the outer 
surfaces of the nuclear  membrane. 
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were  expressed  as  grains/unit  area.  It  was  found 
that  cuttings  of equal  unit  volumes  from  successive 
sheets  of  Kodak  enlarging  paper  was  highly  re- 
producible,  yielding  variations  of  less  than  5  per 
cent. 
Cytophotometric  measurements  of  nucleolar  and 
cytoplasmic  RNA  concentrations  were  made  at 
540  mu on azure  B~stained, DNase-treated  prepara- 
tions,  whose  thicknesses  were  determined  by  folds 
in the section (35). Single plugs were used to measure 
formula 
V  ~  ,~ra2b, 
where  a  =  1/~  the  smaller  diameter  and  b  =  1/~ 
the larger diameter  (17).  Cytoplasmic volumes were 
determined  by  the  Chalkley  method  (6). 
Total  number  of grains  for  the  whole  nucleolus, 
non-nucleolar  nucleus,  and  cytoplasm  were  calcu- 
lated  by  multiplying  the  grains/unit  area  by  the 
volume. 
TABLE  I 
Nuclear,  Nucleolar,  and Cytoplasmic  Volumes,  Relative RNA  Concentrations,  Total RNA  Amounts,  and 
Total Grain Counts of Normal and  Thioacetamide-Treated Liver Cells 
Relative total 
Relative RNA eonc.  amt.  RNA:~ in  Total incorporation of H~ 
Normal  Volume  Eg40m~/  *  4- sE  arbitrary units  at the maximum§ 
Nucleus[I  328/z  3  --  --  360.0  (2  hrs.) 
Nucleolus  5.5  N3 4- 0.85  sE  0.150  4-  0.018  0.830  44.0  (2 hrs.) 
Cytoplasm¶  1600  #~  0.083  4-  0.015  133.0  1440.0  (15  hrs.) 
Thioacetamide 
Nucleus[[  711  #3  --  --  1420.0  (5  hrs.) 
Nucleolus  81.5  #a4-  10.6  SE  0.196  4-0.02  16.0  1260.0  (5  hrs.) 
Cytoplasm¶  1990  /z  3  0.061  4-  0.009  121.4  1250.0  (15  hrs.) 
* Each value  in arbitrary  units represents mean of 50  measurements obtained  from animals  at  different 
times  after  isotope  injection. 
:~ Obtained by multiplying relative RNA cone. by volume. 
§Grain count/unit  area  X  volume. The sampling time in hours after isotope injection is given in paren- 
thesis. 
[[  Average nuclear volume for the entire liver, obtained by multiplying class frequency by nuclear volume 
for each DNA  class. 
¶  Obtained with Chalkley ratios. 
extinctions in  nucleoli.  Four plugs were used for the 
cytoplasm of each cell; the results were averaged and 
standard  errors  were  calculated  for  the  means.  A 
comparison  was  made  between  the  two  wavelength 
method,  which  corrects  for  distributional  error, 
and  this  plug  method  applied  to  the  cytoplasm  of 
normal  liver  cells.  The  results  have  shown  that 
differences were of the order of only a  few per cent 
(Swift,  H.,  Rasch,  E.,  and  Kleinfeld,  R.,  unpub- 
lished). 
Specific  activity  (i.e.  grains/unit  area/RNA  con- 
centration)  was  calculated  for  nucleolar  and  cyto- 
plasmic RNA. 
Nucleolar  and  nuclear  volumes  were  determined 
by  direct  measurement  of whole  uncut  nuclei  and 
nucleoli,  and  then calculations  were  made  with  the 
Total  amounts of nucleolar and cytoplasmic RNA 
were  calculated  by  multiplying  the  mean  Ea40m~ by 
the volume  (34). 
RESULTS 
Thioacetamide  primarily  affects  cells  of the  cen- 
tral vein area  (Fig.  5).  These affected cells contain 
enlarged,  dense nucleoli and  a  pale,  diffuse cyto- 
plasmic basophilia which contrast sharply with the 
relatively  normal  morphological  appearance  of 
cells in  the portal  area.  Grain  counts in  the cyto- 
plasm  of cells  in  this  latter  area  were  markedly 
higher than in  the former area  (Figs.  10  and  11). 
After rats had  been fed for  14 days a  diet contain- 
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Nuclear  Volumes and DNA  Class Frequency  in Normal and  Thioacetamide-Treated Liver 
Normal liver  Thioacet  amide-t  reated liver 
Nuclear volume :h sE  Frequency  Nuclear volume  -4- sg  Frequency 
Diploid 
Tetraploid 
Octaploid 
iz3  %  ~3  % 
170 /z  a A: 10.5  65.0  397  /~3 ±  18.7  58.0 
352 /~a 4-  19.1  34.0  859  /~s -4- 47.5  43.0 
656  ~a :k 43.5  1.0  1212 U  3 -4- 61.0  0.4 
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FIGunE 1  Changes  in  grain  concentration 
with time, after a pulse labeling with tritiated 
cytidine,  in  the  nucleolus  of  control  and 
thioacetamide-trcated  parenchymal  cells. 
Vertical  lines  represent  standard  errors; 
where  they are  lacking,  sE falls  within  the 
symbol. 
ing  thioacetamide,  50  to 85  per  cent  of the liver 
ceils in each animal revealed typical morphological 
changes induced by the compound.  In the present 
study, the quantitative measurements used for the 
tables and  curves were limited to ceils of the cen- 
tral vein area.  The data,  therefore, do not repre- 
sent the average cellular response to thloacetamide, 
but  rather  describe  the  maximally  affected  cell 
population.  This  becomes  significant when  com- 
parisons  are  made  with  biochemical  studies,  re- 
ported  in  the  literature,  in  which  total  liver 
homogenates were used. 
Measurements  of nucleolar,  nuclear,  and  cyto- 
plasmic volumes and of nucleolar and cytoplasmic 
RNA  concentrations  were  determined  from liver 
samples  taken  at different hours after isotope ad- 
ministration.  The mean value for each parameter 
shows no significant variation with  time,  indicat- 
ing that  a  relatively steady state  is maintained  at 
least over the  24-hour  period  during  which  liver 
samples were removed for study. The mean values 
obtained  for  control  and  treated  animals  are 
shown in Table I. After 2 weeks of thioacetamide 
administration,  the  nucleolar  volume  has  in- 
creased  14-fold  and  RNA  concentration  has  in- 
creased by ~, resulting in a  net 25-fold increase in 
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FIGURE 4  Changes in total grain count/component  (grains/unit area  X  volume of  component)  with 
time,  in  the nucleolus,  NNN,  and  cytoplasm  of  control and  thioacetamide-treated  parenchyma.  The 
insert depicts, in an expanded form, changes in the control nueleolus. 
total  amount  of nucleolar RNA.  Nuclear volume 
doubles for the three DNA classes  (diploid,  tetra- 
ploid, and octaploid) of nuclei, while the frequency 
distribution displays little or no change (Table II). 
The  cytoplasmic  volume of the  affected  cells in- 
creases  approximately  by  ~  so  that  the  total 
amount of RNA is about equivalent to that in the 
normal cells. 
Figs.  1  and  2  show  the  time  course  of incor- 
poration  of tritium  into  nucleolar,  non-nucleolar 
nuclear,  and  cytoplasmic  RNA  per  unit  area, 
following  a  single  injection  of  tritiated  cytidine. 
Incorporation  first appears  in nucleoli and  NNN 
(Figs• 6,  7), and after a lag of about  1 hour it then 
appears in the cytoplasm. The nucleoli at all times 
revealed both a greater grain density and a higher 
rate  of turnover than did  the other structures.  In 
nuclei  containing  more  than  one  nucleolus,  the 
several  nucleoli  are  equally  labeled.  Maximum 
concentration  o/  grains in  nucleoli  and  NNN  is 
reached at about 2 hours in the control group and 
at about  3  to 5 hours in the thioacetamide group 
(Fig.  8).  Grain  concentration  at the maximum is 
2-fold  higher  in  the  treated  cells.  Grain  concen- 
tration  in nucleoli is about the same in  both nor- 
mal and  treated  cells up to the  1st hour after H a_ 
cyticine injection, after which  it rapidly  increases 
in the treated cells, in contrast to the controls. The 
time  course  of incorporation  of H 3 cytidine  and 
the  maximum  concentration  of grains  over cyto- 
plasmic  RNA were  similar  in  both  groups  (Figs. 
'I,4,  THE  JOURNAL  OF  CELL  BIOLOGY  .  VOLUME  ~,  1964 FIGURE 5  A low power view of thioacetamide-affected  rat liver. Lightly stained areas around the central 
vein contain cells with greatly enlarged, dense nucleoli and decreased cytoplasmic basophilia. In the more 
deeply stained portal areas, cells contain smaller nucleoli and increased cytoplasmic basophilia. Azure-B 
stain. About X  ~00. C, central vein area; P, portal vein area. 
SASH_a_ KOULISH .~_ND RUTH G.  KLEINFELD  Role  of Nucleolus.  1  45 FIGUItE 6  Control liver  1 hour after tritiated cytidine injection.  Label almost exclusively localized in 
nueleoli and nuclei. Azure-B stain. About X  1800. 
FIGURE 7  Thioacetamide-affected liver  1  hour  after  tritiated  eytidine  injection.  Label  ahnost  exclu- 
sively localized in nucleoli and nuclei. Azure-B stain. About X  1800. 
FIGURE 8  Thioacetamide-t~eated  liver  5  hours  after  cytidine  injection,  showing maxinmm  nucleolar 
labeling and some cytoplasmic labeling. Azure-B stain.  About X  1800. 
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mum  labeling  of NNN  and  nucleolus  in  treated 
cells is reached several hours later than in controls. 
The  relative  specific  activities  of  nucleolar  and 
cytoplasmic RNA are plotted as a function of time 
in Fig. 3. The maximum specific activity of nucleo- 
lar RNA in treated  cells is about  1.5  times that of 
the  controls,  while  no  difference  is  found  in  the 
specific  activities  of  cytoplasmic  RNA  in  the  2 
groups. 
The  rapid  loss  of  isotope  from  both  nucleoli 
and  NNN  to approximately  ~  their  peak  values 
at 2  to 8 hours in the normal and 5  to  12 hours in 
treated material is followed by a much slower rate 
of loss during  the next  12 hours.  This may be in- 
terpreted  as  representing  two  metabolically  dis- 
tinct fractions,  one with  a  rapid  rate  of turnover 
and  one with  a  slow rate  of turnover.  After thio- 
acetamide  treatment,  both  "rapid"  and  "slow" 
fractions  are  increased  proportionally  in  relation 
to those in the controls.  An attempt  to dilute  the 
counts  of  the  slow  fraction  by  injecting  carrier 
(non-radioactive cytidine in  10 X  the amount in- 
jected  as isotope,  41.4 rag/rat  as  opposed  to 4.14 
mg/rat)  12  hours  after  isotope  injection was  not 
effective.  The  nucleolar  radioactivity  in  samples 
taken  t2 hours after carrier iniection was not sig- 
nificantly lower than control samples taken  12 and 
24 hours after isotope injection without the carrier. 
The total grain counts of each cellular component 
as  a  function  of time are  plotted  in  Fig.  4  (grain 
counts  per  unit  volume  multiplied  by  total  vol- 
ume).  This  expresses  the  relative  rate  of  isotope 
incorporation  per  component  and  is  particularly 
informative when  comparing  normal  and  experi- 
mental  systems in which volumes and  total  RNA 
amounts are altered. 
Although the specific activity of nucleolar RNA 
at  the maximum  in  the  treated  group  is only  1.5 
times that  of the controls,  total nucleolar labeling 
is  30  to  40  times  higher  than  the  controls.  The 
relative rate  of isotope  incorporation per  nucleolus 
for the  1st hour  is 30 grains/hour  in controls and 
693  grains/hour  in  the  thioacetamide-treated 
cells; more  than  a  20-fold increase  in  the rate  of 
incorporation occurs. 
A  rough  estimate  of the rate  of loss  of labeled 
nuclear RNA for the whole organelle may be made 
by calculating  the ratios  of the number  of grains 
When  correction  was  made  for  differences  in  ex- 
posure  time,  grain  concentration  in  cytoplasm  was 
about  the  same  in  control  and  treated  cells. 
lost per hour,  during  the period of rapid  decline, 
to the maximum  value.  The rate  of loss of grains 
during the 2- to 5-hour period in the control group 
is 7.7 grains/hour,  or a  loss of 17.5 per cent of the 
maximum  isotope  incorporation.  In  the  treated 
group,  the rate of loss of grains during the 5- to 8- 
hour  period  is  200  grains/hour  and  represents 
t5.5  per  cent of the  maximum  radioactivity.  Al- 
though nucleolar RNA loss occurs at a greater rate 
in  thioacetamide-treated  material,  it represents  a 
similar per cent of the total radioactivity. 
When  the  total  numbers  of  grains  per  com- 
ponent  are compared  at  their  respective maxima 
(Fig. 4), it is noted that in the control cell the cyto- 
plasm  contains  30  times  the  radioactivity  of the 
nucleolus  and  about  4  times  the  activity  of  the 
NNN.  In  thioacetamide-treated  cells,  the  cyto- 
plasm has an over-all isotope incorporation similar 
to  that  of control  cytoplasm  (i.e.,  approximately 
1,000  grains)  and  contains  only 0.8  the  radioac- 
tivity of the nucleolus and  0.7  the activity of the 
NNN.  The  ratio  of total  grains  for nucleus:cyto- 
plasm,  at  their  respective  maxima,  is  approxi- 
mately 1 : 3 for controls and 3 : 1 for treated cells. 
In the control  cell,  the decrease in grain count 
that  occurs  between  2  and  18  hours  for  the  total 
nucleus  (nucteolus  and  NNN)  is  approximately 
300  grains,  which  represents  only  1~  of the  total 
grain count of the cytoplasm at its maximum.  In 
the  treated  cell,  the decrease  in  grain  count  that 
occurs between 5 and  18 hours for the total nucleus 
is approximately  1,800  grains,  which  is  1.8  times 
more  than  the  total  maximum  grain  count  asso- 
ciated  with  the  cytoplasmic  component.  These 
results  clearly  indicate  that  the  loss  of nucleolar 
and  non-nucleolar  nuclear  RNA  counts  in  liver 
cells of thioacetamide-treated  rats does not repre- 
sent solely a  simple passage  to the cytoplasm. 
DISCUSSION 
The  general  picture  which  has  emerged  from re- 
cent radioautographic  studies of RNA metabolism 
in  intact  cells indicates  that:  (a)  nucleolar  RNA 
synthesis  is at least partially independent  of non- 
nucleolar nuclear RNA synthesis  (23,  24,  32,  37); 
(b)  the major  portion of cytoplasmic RNA is de- 
rived  from  RNA  which  is  synthesized  in  the 
nucleus (l, 9,  10, 26-29,  32, 37);  (c) breakdown of 
intranuclear  RNA  occurs,  and  some  portion  of 
this material may be involved in cytoplasmic RNA 
synthesis (7,  12-14,  23,  39). 
There  are  differences  in  the  patterns  of  in- 
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precursors,  among the  several organisms studied. 
For  example,  in  Drosophila  salivary  gland  cells, 
the pattern of incorporation in the nucleolus, fol- 
lowing a  pulse  exposure  to  labeled  precursors  is 
distinct from that of the NNN and cytoplasm (23). 
In  mammalian  cells,  non-nucleolar  nuclear  in- 
corporation  and  nucleolar incorporation seem  to 
occur  at  the  same  time,  and  the  shape  of their 
curves are similar (1, 8, 20). 
Two metabolically distinct RNA fractions have 
been found in both nucleoli and NNN of rat liver 
cells, a  fraction with a  rapid rate of turnover and 
one with a slow rate of turnover (20, 37). The pres- 
ent study shows that in normal rat liver the ratios 
of the rapid to the slow fractions are approximately 
3:1  for  both  nucleoli and  NNN.  In  the  treated 
liver,  the  3:1  ratios  are  maintained despite  the 
increase in turnover. This means that not only are 
increased amounts of nuclear RNA being synthe- 
sized,  but also increased amounts are  being lost. 
In contrast to this increased total labeled activity 
of the nucleus, the cytoplasm maintains an appar- 
ently  "normal"  level  of  cytidine  incorporation. 
This rapid turnover fraction in the  treated  tissue 
could  not  all  be  molecular  RNA  en  route  to  the 
cytoplasm,  but  may,  in  part,  represent  intranu- 
clear  degradation.  This  may  also  occur  in  the 
normal  tissue.  Several  authors  have  presented 
evidence for intranuclear degradation of RNA to 
acid-soluble  compounds  (7,  12,  13,  39).  It  has 
been suggested that the rapid turnover of nucleolar 
RNA in Drosophila,  termed  "replacement RNA," 
may have a unique function which is accomplished 
upon  degradation  of  the  molecule  within  the 
nucleus  (23).  There  is  evidence  which  suggests 
that a portion of the degraded products of nuclear 
RNA may move to the cytoplasm to serve as pre- 
cursors for cytoplasmic RNAs (7,  11,  39).  Recent 
experiments with ameba, however, again point to 
macromolecular RNA as being the unit which is 
transferred from nucleus to cytoplasm (9). 
Four different nuclear RNAs have been charac- 
terized  on  the  basis  of their  physical  properties 
(33).  A  rapid  turnover  fraction  suggestive  of  a 
"messenger" RNA has been described (15). Rapid 
and slow turnover fractions which have been re- 
ported in a few nuclear RNA studies (20, 37) and 
also  described  in  this  study  indicate  metabolic 
diversity. As discussed above,  there is a  rapid in- 
corporation and loss of exogenous precursor in the 
rapid  turnover  fraction.  In  contrast,  there  is  a 
relative  metabolic  stability in  the  slow  turnover 
fraction.  This  was  demonstrated,  in  the  present 
study,  by the fact that  carrier did not dilute the 
label in this fraction. This may reflect a  preferen- 
tial utilization of intracellular intermediates which 
are  not  in  competition with  carrier  nucleotides. 
That a  preferential utilization of intracellular in- 
termediates may occur has been described in HeLa 
cells (7). The heterogeneous nature of the nuclear 
RNAs and the diversity of functions attributed to 
the  nucleus  may  make  inadequate  any  simple 
hypothesis of nuclear RNA metabolism. 
Changes in nucleolar RNA concentration have 
classically been associated with parallel changes in 
cytoplasmic RNA (3, for review). In regenerating 
rat  liver,  the  increased  rate  of  nucleolar  RNA 
~synthesis was ac~canparrled by a  parallel increased 
incorporation  of  isotope  into  cytoplasmic  RNA 
(20).  Suppression of nucleolar RNA synthesis by 
UV activation (26)  or by actinomycin inhibition 
(27)  is  accompanied  by  a  suppression  of  cyto- 
plasmic RNA synthesis. However, in experiments 
with  8-azaguanine  the  labeling of the  nucleolus 
was  increased,  while  that  in  the  cytoplasm  had 
decreased. This result was interpreted as reflecting 
an interference with the transfer of RNA from the 
nucleolus  to  the  cytoplasm,  thereby  causing  an 
accumulation of RNA in the  nueleolus (27).  In- 
FIGUI~E  9  Control liver 1~ hours after tritiated cytidine injection. Label high in cyto- 
plasm and low in nucleus. Azure-B stain. About )<  1800. 
FIGURE 10  Thioacetamide-treated liver  1~  hours  after  cytidine injection, central  vein 
area. Cytoplasmic label only moderately high (when grain count is multiplied by 3, the 
correction for exposure time, the final value is equal to that in controls). Azure-B  stain. 
About X  1800. 
FIGURE 11  Thioacetamide-treated liver 1~ hours after tritiated cytidine injection, portal 
area.  Cytoplasmic grain count higher than that in central vein area. Compare with Fig. 
10. Azure-B stain. About X  1800. 
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creased  cytoplasmic  basophilia  have  been  re- 
ported in protein deprivation studies on rat liver 
(33).  In thioacetamide-treated rat liver, total in- 
corporation of isotope into the nucleolus is found 
to be about 30-fold greater than the control value. 
Incorporation  into cytoplasmic RNA remains com- 
parable  to  control  levels.  In  this  system,  large 
amounts of nucleolar RNA are being synthesized 
and lost while the cytoplasmic RNA metabolism is 
not drastically altered,  as determined by labeled 
cytidine turnover.  However,  alterations in mor- 
phological aspects of the cytoplasm were apparent. 
Changes in azure-B staining of cytoplasmic RNA 
were observed, and electron microscopic examina- 
tion of these  liver cells revealed changes in endo- 
plasmic reticulum and Palade granules (31). 
It is clear from the time course of incorporation 
curves that the label does leave the nucleolus. The 
low,  apparently  "normal"  level  of label  in  the 
cytoplasm of treated cells may be due to improper 
utilization of  nuclear  products  and  acid-soluble 
precursors from cytoplasmic pools.  It cannot yet 
be ruled out that a portion of the labeled RNA ob- 
served in the cytoplasm may have resulted from 
independent cytoplasmic RNA  synthesis.  Recent 
evidence suggests  this as  a  possibility (14).  Since 
only larger molecular weight RNA units were pre- 
served  by techniques used  in this  study,  smaller 
molecular weight units may have accumulated in 
the cytoplasm, but would have been lost during the 
processing of the  tissues.  An increase in soluble 
cytoplasmic  RNA  fractions  after  thioacetamide 
treatment has been described  (2,  22). 
Some  observations  were  made  on  cytidine 
label uptake in the lesser affected,  portal areas.  It 
is apparent that these  cells which contain smaller 
nucleoli and a more intensely basophilic cytoplasm 
also contain greater concentration of labeled RNA 
in  the  cytoplasm than was  present in  the  cyto-- 
plasm of cells  in the  central vein area.  The  in-- 
creased  cytoplasmic  label  in  these  "borderline 
recovery"  cells  may  either  passively  reflect  an 
increased  receipt  by  the  cytoplasm  of  nuclear 
products in a  utilizable form or may mean that 
this  cytoplasm  may  be  better  able  to  actively 
utilize  the  already  available  labeled  nuclear 
products. 
A  biochemical study of the  phenol-soluble (p- 
RNA)  and  insoluble (r-RNA)  RNA fractions of 
"nucleolar," nuclear, and cytoplasmic components 
of  rat  liver  has  been  reported  by  Adams  and 
Busch,  (2). They found increases in the amount of 
nuclear RNAs and cytoplasmic "sap"  p-RNA in 
TA-treated liver. Lowered uptake of orotic acid-2- 
C 14, during the first 30 minutes after injection, led 
these authors to  suggest  that  thioacetamide sup- 
pressed  the synthesis of nuclear RNA.  This con- 
trasts with the findings reported here. Apart from 
the fact that the biochemical data represented the 
average cellular response to the drug, whereas the 
maximally affected  cell was described here, certain 
other points should be clarified. With more than a 
twofold  increase in the  content of nuclear RNA 
noted in the  treated livers, the  specific  activities 
during the very early sampling times were a poor 
measure  of  the  comparative  rates  of  nuclear 
synthesis in treated and control livers.  The isotope 
incorporation curve that Adams and Busch pre- 
sented  indicated  that  the  incorporation in  the 
treated cells had not reached a peak at 30 minutes 
and, indeed, was  still  rising at 60 minutes. This 
comment  also  applies  to  their  specific  activity 
curves for the nucleolus in which 5- and 15-minute 
sampling times were used. Judging from the shift 
in the maximum incorporation to a later time in 
the RNA of the nucleolus and NNN of the treated 
cells presented here, a more meaningful compari- 
son between the radioautographic and biochemical 
results would have been possible  had Adams and 
Busch extended their sampling times. It is interest- 
ing to note that the time of maximum incorpora- 
tion  into  RNA  of  the  NNN  and  nucleolus  is 
readily affected  by experimental modification of 
rat  liver.  Partial  hepatectomy  shifts  the  non- 
nucleolar nuclear  and  nucleolar maxima  to  an 
earlier time  (19),  while thioacetamide treatment 
shifts these maxima to a later time. The magnitude 
of incorporation in both cases  is greater  than in 
the normal. The incorporation in thioacetamide- 
treated livers is even greater  than that in regen- 
erating liver. The time course of incorporation of 
tritium into nucleolar and non-nucleolar nuclear 
RNA involves many factors,  including precursor 
pool  size,  rates  of synthesis,  molecular size,  and 
size of turnover fractions. It is not realistic, there- 
fore,  on  the  basis  of  the  data  available  (4),  to 
undertake an analysis of the kinetics involved. 
It is conceivable that a  metabolite of the drug 
interferes  with  enzyme  systems  associated  with 
RNA  metabolism.  Interaction of  catabolic  and 
anabolic pathways of pyrimidine metabolism are 
involved in  altered  rates  of RNA  synthesis  (5). 
The  fact  that  thioacetamide  does  not  interfere 
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tomy (20) indicates that, despite the imbalance in 
nucleic  acid  metabolism,  the  affected  cell  can 
carry out syntheses  required for cell duplication. 
This suggests  that  thioacetamide  treatment does 
not impair  the  basic  control mechanisms of the 
cell. 
Dr. Koulish's work was supported  by research grants 
from  the  Damon Runyon Memorial Fund, DRG- 
504A,  and  from  the  United  States  Public  Health 
Service, GM 09195. 
Dr.  Kleinfeld's work  was supported  by a  United 
States  Public Health Service Research  Career  Pro- 
gram Award  (GM-K3-4620)  and by  a  U.S.P.H.S. 
grant CA06784. 
It  is  a  pleasure  to  thank  Dr.  Leonard  Ornstein 
for  his critical  reading of this  manuscript. 
Received for publication,  December  2,  1963. 
REFERENCES 
1.  AMANO, M.,  and  LEBLOND, C.  P.,  Exp.  Ceil 
Research,  1960, 20,  250. 
2.  AnAMS, H.  R.,  and Busca,  H.,  Cancer Research, 
1963, 23,576. 
3.  BRACHET,  J., in The Nucleic Acids, (E. Chargaff 
and  J.  N.  Davidson,  editors),  New  York, 
Academic  Press, Inc.,  1955, 2,  475. 
4.  BRITTEN, R.  J.,  and  MCCARTHY,  B.  J.,  BiD- 
physic.  J.,  1962, 2,  49. 
5.  CANELLAKIS~ E.  S.,  J.  Biol.  Chem., 1957, 227, 
701. 
6.  CHALKLEY, H.  W.,  J.  Nat.  Cancer Inst.,  1943, 
4, 47. 
7.  FEINENDEGEN, L. E., BOND, V. P., and PAINTER, 
R.  B., Exp.  Cell Research, 1961, 22, 381. 
8.  FITZOERALD, P. J.,  and VINIJCHAIKUL, K.,  Lab. 
Invest.,  1959, 8, 319. 
9.  GOLDSTEIN,  L., in Cell Growth and Cell Division, 
(R. J. C. Harris, editor),  New York, Academic 
Press, Inc.,  1963, 2,  129. 
lO.  GOLDSTEIN, L.,  and PLANT, W.,  Proc. Nat.  Acad. 
Sc.,  1955, 41,  874. 
11.  HARRIS, H.,  Biochem. J.,  1959, 73,  362. 
12.  HARRIS, H.,  Proc. Roy.  Soc. London, Series B, 
1963, 158, 79. 
13.  HARRIS,  H.,  FISHER,  H.  W.,  RODOERS, A., 
SPENCER, T.,  and  WATTS, J.  W.,  Proc. Roy. 
Soc. London,  Series B,  1963, 157,  177. 
14.  HARRIS, H.,  and LACOUR, L.  F.,  Nature,  1963, 
200, 227. 
15.  HIATT, H.  H.,  J.  Molec.  Biol.,  1962, 5, 217. 
16.  HOLLAND, J. J.,  Proc. Nat.  Acad. Sc.,  1963, 50, 
436. 
17.  KLEINFELD,  R. G., Cancer Research, 1957, 17,954. 
18.  KLEINFELD, R. G.,  and KOULISH, S., Anat.  Rec., 
1957, 128,433. 
19.  KLEINFELO, R.  G.,  and VON  HAAM, E.,  Cancer 
Research,  1959, 19,  769. 
20.  KLEXN~LD, R.  G.,  and  VON  HAAM, E.,  Ann. 
Histochem.,  1962, 7, 89. 
21.  KOULISH,  S., and KLmNFELD,  R. G., J. Histochem. 
and  Cytochem., abstract,  1960, 8,  331. 
22.  LAIRD, A. K., Arch.  Biochem. and Biophys.,  1953, 
46, 119. 
23.  McMASTRR-KAYE, R.,  J.  Biophysic. and Biochem. 
Cytol.,  1960, 8, 365. 
24.  McMAsTER-KAYE, R.,  and  TAYLOR, J.,  J. 
Biophysic.  and  Biochem. Cytol., 1958, 4,  5. 
25.  ORNSTEIN, L., DAVIS, B. J.,  TALEPOROS, P.,  and 
KOULtSH,  S.,  J.  Histochem.  and  Cytochem., 
abstract,  1959, 7, 291. 
26.  PERRY, R.  P., Exp.  Cell Research, 1960, 20, 216. 
27.  P~RRV, R. P., Exp.  Cell Research, 1963, 29, 400. 
28.  PERRY, R.  P.,  ERRERA, M.,  HELL, A.,  and 
DORWALD,  H.,  J.  Biophysic.  and  Biochem. 
Cytol.,  1961, 11,  1. 
29.  PRESCOTT, D.  M.,  Exp.  Cell Research,  1960, 19, 
29. 
30.  REICH, E.,  FRANKLIN, R.  M.,  SHATKIN, A.  S., 
and TATUM, E.  L.,  Science, 1961, 134, 556. 
31.  SALOMON, J.  C.,  SALOMON, M.,  and BERNHARD, 
W.,  Bull.  Cancer,  1962, 49,  12. 
32.  StaLIN, J.  L.,  Nature,  1960, 186,  275. 
33.  SPORN, M.  B.,  and  DINOMAN, W.,  Biochim.  et 
Biophysica Acta,  1963, 68,  387. 
34.  STEMRAM, U., Exp.  Cell Research, 1962, 26,  485. 
35.  SWIFT, H.,  and  RASCn, E.,  in  Physical  Tech- 
niques in Biologieal Research,  (G.  Oster  and 
A. W. Pollister, editors), New York, Academic 
Press, Inc.,  1956, 3,  353. 
36.  TAYLOR,  .].  H.,  in  Physical  Techniques  in 
Biological  Research,  (G.  Oster  and  A.  W. 
Pollister, editors),  New York, Academic  Press, 
Inc., 1956, 3,545. 
37.  TAYLOR,  J. H., and WOODS, P. S., in Subcellular 
Particles,  (T.  Hayashi,  editor),  New  York, 
Ronald Press Co.,  1959, 172. 
38.  VINCENT, W.  S.,  in  Beginnings  of  Embryonic 
Development,  (A.  Tyler,  R.  C.  yon Borstel, 
and C. B.  Metz,  editors), Washington, D. C., 
American Association for the Advancement of 
Science, 1957, I. 
39.  WATTS, J.  W.,  and  HARRIS, H.,  Biochem. J., 
1959, 72,  147. 
40.  WILSON, J.  D.,  Proc. Nat.  Acad. Sc.,  1963, 50, 
93. 
41.  WOODARO, J.,  RASCH, E.,  and  SWIFT, H.,  J. 
Biophysic. and Biochem. Cytol.,  1961, 9, 445. 
SASHA I(OULISH AND Rv'rn G.  KLEI~FELD  Role of Nucleolus.  I  51 